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Abstract 
One of the most common cold-formed steel shape is C section which can be used for roofing, framing partition and many more. 
To provide reliable and efficient cold-formed steel structures, the performance of the C section can be predicted by using bending 
test. Experimental and numerical work have been highlighted to investigate the effectiveness of strengthening method on the web 
section. Bending test has been used to determine flexural strength and buckling capacity which can be calculated by using either 
Effective Width Method (EWM) or Direct Strength Method (DSM). Both design methods were being specified in the 
Australian/New Zealand Standards for Cold-Formed Steel Structures AS/NZS 4600:2005 (Standards Australia 2005) or the 
North American Specification for Cold-Formed Steel Structural Members (AISI 2007) which can be applied as stiffeners within 
the intermediate web section. Based on the experimental developed at the Curtin University Sarawak Malaysia, a numerical 
simulation by using Abaqus has been employed to provide prediction of the behaviour of the C section under the four-point 
bending test (validation to the experimental result).  The numerical analysis of the completed testing indicates that the stiffening 
provided on the intermediate web sections are not significantly increases the flexural strength capacity, however performance of 
buckling mode provided was slightly better. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
One of recent developments in the field of steel construction is cold-formed steel (CFS). CFS sections have many 
advantages due to the characteristic of material: high stiffness and strength, lightness, accurate detailing and 
uniformity of sections. Furthermore, the CFS can be designed in order to be able to provide structural reliability for 
long span structures. Special benefit of the CFS sections in building construction related to the easy to handle due to 
sufficiently light material, compact packaging and shipping which also allowed to be fast and easy 
erection/installation. Having all the advantages of the CFS as structural members, therefore, CFS materials have 
been increasingly used for many constructions. Studies of CFS have previously been reported that the structural 
members can be efficiently applied for many applications [1-3] where conventional hot-rolled members proved with 
uneconomic solution. However, there are several disadvantages related to the thin section which causes the unique 
failure modes and deformation which those failure may not normally encountered within the conventional structural 
steel design. Therefore, design specifications and guidelines are essentially required to meet the strength design 
requirement for CFS structural members.  American Iron and Steel Institute Specification for cold-formed steel 
structural design rules was firstly introduced in the year 1946 by Prof. George Winter at Cornell University which 
followed by the British Steel Standard with modification provided by Prof. A.H. Chilver in 1961 and Australian 
Standard published design code for CFS in the year of 1974. Eurocode have recommendation since 1987 which 
supplementary rules for CFS members and sheeting specified in EN 1993-1-3 and the revision specified in the 
Eurocode-3 published in 2006.  
The CFS has relatively high strength which the yield stress specified up to 550MPa. Typical channels section can 
be seen in Fig. 1 with the web depth (D) of the sections for individual framing members were ranges between 51 and 
305 mm, the thickness (t) of sections within the ranges of 1.2 to 6.4 mm which the manufacturing tolerance for 
structural members specified in ASTM C 955-03 [3]. The figures also shows width of flange (B) as well as hole 
locations with symbol (E1, E2, S1, S2, F, P, L) and the requirement based on Metal Building Manufactures 
Associations (MBMA) [3].  However, it provides different behaviour and different failure modes due to the section 
of CFS is much thinner than the hot-rolled [1-3].  Local instability of the thin-walled section used to be an issue of 
the CFS, deformations and small change in the geometry has significantly altered the strength of the normal 
condition, however, it is not generally lead to failure due to the help of post-buckling strength provided by the 
sections. This meant that the CFS capable of carrying loads beyond the expectation which is higher even after the 
local buckling occurred within the structural members.  
 
 
(a) 
 
(b) 
Fig. 1 (a) C section and (b) long section with the symbols used in the MBMA [3]. 
The objective of this paper is to provide study the buckling behavior and flexural strength of CFS. To deal with 
objective, flexural strength test has been conducted by using experimental and numerical simulation for C-section 
(typical channel purlin) with the introduction of web stiffeners configuration.  Experimental work has done in the 
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laboratory of Curtin University-Malaysia and numerical simulation done in the University of Manchester UK by 
using the finite element software package ABAQUS. The intent of this paper is to provide analytical of flexural 
strength of cold-form steel complex channel purlin. The results of tests were analysed by using Effective Width 
Method (EWM) and Direct Strength Method (DSM). 
1.1 Effective Width Method (EWM) 
Initially, to analyze the non-uniform distribution stress across the area section of the CFS is relatively difficult. 
EWM is simplified method (AISC LRFD, Eurocode-3, BS 5950, AS 4100) by assuming that certain regions of the 
cross-section remain effective up to the yield point of the material and the remainder is ineffective in resisting load. 
The effective width is a reduced design width for computing sectional properties of flexural and compression 
members when the flat-width-to-thickness ratio of an element exceeds a certain limit. Effective width (be) of 
uniformly compressed stiffened element can be determined from: 
a. For ߣ ൑ ͲǤ͸͹͵ǡ ܾ௘ ൌ ܾ  (1) 
b. For ߣ ൐ ͲǤ͸͹͵ǡ  ܾ௘ ൌ ߩܾ  (2) 
where b = flat width of element excluding radii, ρ = effective width factor 
  = 
ሺͳ െ ଴Ǥଶଶఒ ሻ ߣ
൘ ൑ ͳǤͲ   (3) 
The slenderness ratio (λ) shall be determined as follows: 
 ߣ ൌ ට௙
כ
௙೎ೝ
   (4) 
where ݂כ = the design stress in the compression element calculated on the basis of the effective design width, ௖݂௥  = 
plate elastic buckling stress [3]: 
 ௖݂௥  =   ቀ
௞గమா
ଵଶሺଵି௩మሻሺ௕ ௧Τ ሻమቁ   (5) 
k = 4 (plate buckling coefficient) for stiffened elements supported by a web on each longitudinal edge  
E = Yong’s modulus of elasticity (200x103) MPa 
ݒ= Poisson’s ratio = 0.3 
t = thickness of the uniformly compressed stiffened elements 
The nominal section moment capacity (Ms) shall be calculated on the basis of initiation of yielding in the effective 
section: 
 ܯ௦ ൌ ܼ௘ ௬݂   (6) 
where Ze is the effective section modulus calculated with the extreme compression or tension fibre at fy. 
 
In EWM, the total load is carried by an imaginary width, be, which is subjected to a uniformly distributed stress 
Fig. 4 (b). If so, the post-buckling strength can be calculated to only the determination of the effective width 
subjected to the uniformly distributed stress. By assuming longitudinal stress is loaded for a stiffened compression 
element; the stress is uniformly distributed at the beginning load stage shows in Fig. 4. (a- left). If the applied stress 
reached buckling stresses, stress distribution is no longer uniform and the maximum stress increased over the 
buckling stress until it reaches the yield stress shows in Fig. 4. (a-centre and right.)[3] 
For the C section under flexural load, the effective width have to be determined for each compression portion of 
element such as flange, web and lips. As the bending effect occurred, some compression zone will be ineffectively 
resisted the load (denoted by shading Fig. 4 (b)). The effective width approach will only predict the low strength for 
the specific element, but allows the rest of the elements to continue to carry load.  
1.2 Direct Strength Method (DSM). 
The Direct Strength Method is relatively new design method for CFS. The DSM does not depend on effective 
width, nor require iteration for the determination of member design strength. Instead, the analysis have to determine 
the load after elastic buckling in local, distortional, and global buckling. From the determination dealing with the 
load that causes first yield are then to be applied into equations in order to define strength prediction (directly). One 
the determination of elastic local, distortional, and global buckling loads considered then application of the method 
is straightforward.[2] 
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(a) 
  (b) 
Fig. 2 (a) Development of stress distribution in stiffened compression elements and (b) Effective width of a C-section in bending [2-4] 
DSM used to be applied for entire cross-section to consider the elastic buckling determination that provides local, 
distortional and global buckling capacity for both compression and flexural CFS members. If elastic buckling value 
is high enough then full capacity will be developed. Then, the buckling failure modes will not occur before the 
yielding of the materials. However, the section flexural strength will not reduce due to local, distortional and global 
buckling effects. Therefore, yield moment (My) can be specified as the section flexural strength when the following 
conditions are satisfied:  
Local buckling: Mcrl > 1.66My   (7) 
Distortional buckling: Mcrd > 2.21My  (8) 
Global buckling: Mcre > 2.78My   (9) 
The nominal flexural strength, Mnl for local buckling: 
a. For λl ≤ 0.776, Mnl=Mne  (10) 
b. For λl ≥ 0.776,  ܯ௡௟ ൌ ൤ͳ െ ͲǤͳͷ ൈ ቀ
ெ೎ೝ೗
ெ೙೐
ቁ
଴Ǥସ
൨ ቀெ೎ೝ೗ெ೙೐ቁ
଴Ǥସ
Ǥܯ௡௘   (11) 
 Where ߣ௟ ൌ ට
ெ೙೐
ெ೎ೝ೗
 
The nominal flexural strength, Mnd, for distortional buckling: 
a. For λd≤ 0.673,  Mnd=My  (12) 
b. For λl > 0.673,  ܯ௡ௗ ൌ ቈͳ െ ͲǤʹʹ ൈ ൬
ெ೎ೝ೏
ெ೤
൰
଴Ǥହ
቉ ൬ெ೎ೝ೏ெ೤ ൰
଴Ǥହ
Ǥܯ௬     (13) 
 Where ߣௗ ൌ ට
ெ೤
ெ೎ೝ
 
For nominal flexural strength, Mne, for lateral-torsional buckling: 
a. For Mcre<0.56 My ,  Mne=Mcre  (14) 
b. For 2.78My≥Mcre≥0.56My, ܯ௡௘ ൌ
ଵ଴
ଽ ܯ௬ሺͳ െ
ଵ଴ெ೤
ଷ଺ெ೎ೝ೐
ሻ  (15) 
c. For Mcre>2.78My,  Mne=My  (16) 
 
From the equations described at some point will be related to the lowest load level at a particular mode. 
Therefore, the capacity for local buckling (Mnl), distortional buckling (Mnd) and lateral-torsional buckling (Mne) can 
be determined. The buckling capacity can be sufficiently the smallest capacity for the design section:  
Mn=Min (Mnl, Mnd, Mne, My).   (17) 
2. Research Method  
By using FEM-Abaqus, initial simulations have been conducted to provide mesh sensitivity and convergence test 
of the CFS (C-section). The mesh sensitivity and convergence test relates to type and size of mesh consideration in 
order to determine time efficiency and the accuracy of simulations. In Abaqus, simulation for the CFS (C section), 
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4-node shell element was used: S4 (4-node doubly curved general-purpose shell), S4R (4-node doubly curved 
general-purpose shell, reduced integration with hourglass control) and S4R5 (4-node doubly curved thin shell, 
reduced integration with hourglass control using five degrees of freedom per node) [5].  
Essential stages in the development of FEM-Abaqus to simulate the elastic and post buckling capacity test of 
CFS. Within the Abaqus model, there were two steps to deal with elastic buckling procedure and non-linear 
analysis. Firstly, typical linear perturbation analysis has been taken to deal with the elastic buckling analysis. 
Several possible buckling modes can be obtained from the perturbation by using Eigen-modes prediction. From this 
step, it provides essentially a critical elastic buckling load. By using non-linear geometry scheme in order to provide 
material degradation, the second step then can applied to deal with a nonlinear analysis. One procedure for non-
linear analysis is the use of modified Riks method which relatively based on the Newton-Raphson method. From 
this step, geometric imperfections based on the Eigen-modes can be obtained from the first step (analysis). The first 
step have to be included (perturbation) into the second step in order to obtain the ultimate failure loads under 
bending test.   
 
 
Fig. 3 Load-deflection relationship for C-section (S0-1) in 1m span [5]. 
3. Results and discussion  
Under 4 point loading test, typical load - deflection curve has been produced by the experimental and the 
numerical (Abaqus simulation) for a C-section of 1m span is shown in Fig. 3. The FE study was included for 
different number effects of initial geometric imperfection and buckling modes. Scale factor of 1.5, 2.5 and 3.5 has 
been used for the initial geometric imperfection input. The result of test is vertical load - deflection curves which has 
been taken from the bottom flange of the mid-span. The load (P) recorded to present the total applied load of the 
CFS. The bending moment capacity of the C-section members can be analyzed by using ൌ  ͸ൗ .From the Fig. 3, 
typical validation scheme between the experimental and numerical results has been validated. The result of Abaqus 
simulation was relatively close to the experimental result. Simulating the behavior of CFS was successfully 
undertaken to provide in good agreement with the experimental value. For the bending test of 1 meter C-section 
(channel purlins), the failure load test results meet very well with the ABAQUS results up to the ultimate load with 
the differences in the results are less than 5%. From the Abaqus, the effect of an initial geometric imperfection was 
not significantly sensitive within the elastic buckling region. An interesting result has been observed that the 
ABAQUS results related to large imperfection magnitude of 3.5 are recorded to be not significantly lower compare 
to the imperfection value of 1.5. In this case, the ABAQUS result was not significantly sensitive to the imperfection 
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for this test. For the 1 meter C-section (S0), the buckling failure mode 2 with imperfection scale factor of 2.5 are 
well predicted with the experimental test results.  
 
 
 
 
 
 
 
 
 (a) 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
(c) 
Fig. 4 (a) Experimental (bending test), (b) Abaqus development and (c) Abaqus result 
Tabel 1. Capacity Comparison between ABAQUS and EWM Results. 
Section 
ABAQUS Results 
EWM Results 
Nominal section moment 
capacity 
Distortional Buckling Global Buckling 
PABQ (KN) PABS/2(KN) MABS (KNm) 
Ms=Zefy 
(KNm) 
MT/Ms 
Mbd 
(KNm) 
MT/Mbd Mbe (KNm) MT/Mbe 
S0-1 35.64 17.82 5.35 7.23 0.74 5.47 0.98 6.05 0.88 
S1-1 36.84 18.42 5.53 7.14 0.77 5.25 1.05 6.19 0.89 
 
From the Tabel 1and Error! Not a valid bookmark self-reference., EWM used to provide more prescriptive 
design methodology compare to the DMS which has a higher ability to calculate variations in cross-section. Apart 
from the analysis of EWM and DSM, the used of additional stiffeners on the intermediate web sections were 
simulated by using the numerical analysis (Abaqus), it has been found that  the increased of the flexural strength 
capacity expected was relatively small (not significant). However, additional stiffeners such as one or two layer 
configuration into the intermediate web sections used to increase the performance of buckling mode.  
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Tabel 2 Capacity Comparison between ABAQUS and DSM Results. 
Section 
ABAQUS Results 
DSM Results 
Nominal section moment 
capacity 
Distortional Buckling Global Buckling 
PABQ (KN) PABS/2(KN) MABS (KNm) 
Ms=Zefy 
(KNm) 
MT/Ms 
Mbd 
(KNm) 
MT/Mbd 
Mbe 
(KNm) 
MT/Mbe 
S0-1 35.64 17.82 5.35 5.76 0.93 6.56 0.81 7.28 0.73 
S1-1 36.84 18.42 5.53 6.77 0.82 6.13 0.90 6.77 0.82 
 
 
Fig. 5 Localized failure observed at (a) experimental and (b) numerical Abaqus. 
4. Conclusion 
The result of Abaqus simulation was successfully undertaken to provide in good agreement with the 
experimental, however, in some part the sensitivity of geometric imperfection is need to be evaluated by using (for 
example: plasticity model).  The result of Abaqus simulation compared with the EWM and DMS found that the 
Abaqus result relatively lower than the analysis method (EWM and DMS).  By using intermediate web stiffeners 
into the C-section, the effectiveness between EWM and DMS have been compared that was no significant 
Localised failure  
in flange 
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improvement of the bending capacity, since the intermediate web stiffener was only provide protection of the local 
buckling within the web. It was also not to provide improvement under the distortional buckling of the flange.  
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